The forming and decomposition of Al 84 Ce 6 Ni 10 and Al 81 Ce 10 Ni 9 glasses produced by melt spinning under different melt temperatures and cooling rates was investigated by means of x-ray diffraction (XRD), electron microscopy (TEM and ESEM), electrical resistivity (ER) and calorimetric measurements during isothermal and continuous heating. The influence of the different production conditions on the relaxation, glass transition and crystallization are analysed. In the Al 84 Ce 6 Ni 10 glasses the melt temperature and cooling rate do not have a strong influence on the glass forming,the transition to the supercooled liquid (SL) and the formation of a eutectic as the first crystalline structure. In the Al 81 Ce 10 Ni 9 materials the different synthesis conditions produce fully or partial amorphous structure in the as-quenched state. The transformation to the crystalline structure without glass transition occurs with the formation of NC-fcc Al (nanocrystals) before a eutectic crystallization is dominant.
Introduction
According to Inoue and co-workers [1] [2] [3] [4] [5] , Al-based amorphous alloys with low Ni and Ce contents prepared by melt spinning show interesting properties such as high specific strength, ductility and corrosion resistance. While the authors in [1] mention the production and the limits of AlCe alloys, the existence of a glass transitions in Al-Ce-Ni is first described in [2] . In [3, 4] a nucleation growth process of nanocrystalline grains in an amorphous Al 87 Ni 10 Ce 3 is described with the assumption of pre-existing nuclei. In Inoue's paper [5] the important findings with respect to Al-Ce-Ni amorphous alloys are reviewed until 1995. The crystallization behaviour of Al 90−x Ni 10 Ce x alloys was found to be dependent on the Ce concentration [6] . If the alloys contain 4 at.% Ce, primary crystallization of nanoscale α(fcc)Al particles is reported to occur before the precipitation of two intermetallic compounds (Al 3 Ni and Al 11 Ce 3 ) from the residual amorphous matrix. At 5 at.% Ce, a glass transition occurs before simultaneous precipitation of α(fcc)Al and an unidentified phase followed by the precipitation of Al 3 Ni, whereas at 10 at.% Ce a one-step crystallization process is observed and a glass transition is mentioned only in an earlier work [1] . The formation of nanoscale α(fcc)Al in an Al 87 Ni 10 Ce 3 alloy is related to the presence of strong local concentration fluctuations in the as-quenched state. Regions without Ce may act as pre-existing nuclei and induce precipitation of α-Al; regions with higher Ce and Ni contents directly transform into compounds at higher temperatures.
In their work Munoz-Morris et al [7] restrict the formation of the amorphous structure during the rapid quenching for an Al-Ce-Ni-alloy at Ce concentration between 0 and 6 at.% and Ni between 4 and 10 at.%. Not all materials are fully amorphous. Only Al 90 Ni 4 Ce 6 and Al 88 Ni 8 Ce 4 are fully amorphous and form NC (nanocrystals) of α-fcc-Al. Using DSC three exothermic peaks are measured during the constant heating.
According to Fang [8, 9] the crystallization in an amorphous alloy Al 90 Ni 5 Ce 5 begins with the formation of NC of α-fcc-Al in the amorphous matrix at low temperatures around 150
• C without the transition to the supercooled liquid (SL). According to the authors the pre-peak in the XRD patterns, which is located at 2θ = 19.5
• [9] , can be correlated to structural complexes evoked by chemical short and medium range order. This means that a strong chemical bond exists in the amorphous alloys as well [10] .
One of the most important parameters of the production is the quenching rate and the melt temperature, which can modify the viscosity of the melt. The formation of the metallic glasses is strongly dependent on the processing parameters as Fang et al [11] have explained for Al 90 Ni 5 Ce 5 ribbons. In [12] the influence of the initial temperature on the structure and properties of an amorphous Al 91 Ce 5 Ni 4 alloy is discussed.
The activation energy of Al 85 Ce 5 Ni 10 is determined only by Cochrane et al [13] using the Kissinger method of the DSC curve and the Arrhenius plot from the isothermal ageing of the first transformation peak. They calculate rather large values for the activation energy of about 500 kJ mol −1 . They also give information about the kinetic parameter but there is no evidence of the existence of the SL. However the authors remark that the experimental curves are not suitable for a linear fitting in the JMA plots.
No explanation is given for the changes of the decomposition for an increase of the Ce (>6 at%) and Ni (>6 at%) concentration in Al-Ce-Ni materials. Of interest is the existence of two peaks during the transformation of the amorphous state to the first crystalline structure without a visible region of SL but formation of NC.
The authors in [9] remark that the structure corresponding to the pre-peak is not stable during the crystallization process in amorphous Al-Ce-Ni alloys. The larger Ce concentration stabilized the amorphous state with respect to the precipitation of the Al nano-particles in the residual amorphous matrix. This causes a decrease of the diffusivity of the Al. Another trend is the increase of the crystallization onset temperature.
The authors in [6] have investigated the structure development of alloys with a large Ni content (10 at.%) for three Al (90−x) Ce x Ni 10 alloys (x = 3, 5, 10 at.%). They conclude that in Al 87 Ce 3 Ni 10 fluctuation in the concentration is the cause for the crystallization. The concentration fluctuation is presumed to be associated with pre-existing nuclei. However, in Al 85 Ce 5 Ni 10 and Al 80 Ce 10 Ni 10 crystallization is a nucleation and growth process, because the formation of nuclei can take place when the concentration is close to the concentration of the equilibrium.
The present work intends to verify some of these findings, for two different Al-Ce-Ni materials produced by melt spinning of an Al 84 Ce 6 N 10 and an Al 81 Ce 10 Ni 9 alloy. Various experimental techniques are applied to study the evolution of the structure in the as-quenched state and the continuous heating by DSC and in situ electrical resistivity measurements-the latter one is performed for the first time on these particular alloys. Their high sensitivity allows us to unambiguously detect relaxation phenomena that occur prior to glass transition and/or crystallization.
We will use XRD and TEM analysis to investigate the structure development from the amorphous to the crystalline state. Calorimetric and electrical resistance measurements during the isothermal heating will complete the investigation and help us to understand the kinetics of the transformation and decomposition process in the different steps. Additionally, we will investigate whether an influence of the melting temperature and cooling rate on the structure development of the Al 84 Ce 6 N 10 and Al 81 Ce 10 Ni 9 ribbons exists.
Experimental details
The alloys of Al 84 Ce 6 Ni 10 and Al 81 Ce 10 Ni 9 are prepared from the materials 6N Al and lumps of 3N Ce and 3N Ni by induction melting under argon atmosphere. Ribbons are prepared from the ingots using a single-roller-melt-spinning plant at different copper wheel speeds and different melting temperatures [14] . The first wheel speed (44 m s −1 ) of this plant corresponds to a cooling rate on the substrate side ofṪ C1 = 5 × 10 5 K s −1 and in a second series the wheel speed was 30 m s −1 , corresponding to a cooling rate ofṪ C2 = 10 5 K s −1 . The relation between the wheel speed and cooling rate was validated using two different methods, described in more details in [15] , by the measurement of the thickness of the ribbons at different Al materials and in addition the modelling of the dendritic growth of AlCu alloys. The melt temperatures (T m1 -T m4 ) are varied between T m1 = 1100
• C and T m4 = 1400
• C in 100
• C steps. The structure and its development are examined by TEM using a JEOL 2010 F microscope and a scanning transmission electron microscope (Philips ESEM XL 30 FEG with EDX). Using energy dispersive x-ray spectroscopy (EDX) we are able to determine the element distribution after different ageing regimes. The development of the diffraction pattern (lattice parameter and crystalline structure) was studied with an x-ray diffractometer (D5000, Cu Kα radiation) and a Philips MPD theta-theta powder diffractometer, Cu Kα radiation too, both in the 2 interval between 10
• and 70
• . Information on the transformation kinetics was obtained from calorimetric measurements with a Perkin-Elmer DSC apparatus and from electrical resistance measurement at a constant current of I = 0.2 A with a four-point device including a digital voltmeter and interface coupling to a computer. For a more detailed description of all experimental methods used, see [14] .
Experimental results

The as-quenched state
All Al 84 Ce 6 Ni 10 ribbons, between a melt temperature of 1100
• C and 1400
• C and cooling rates ofṪ C1 andṪ C2 , are amorphous. The XRD spectra of five of these eight ribbons are shown in figure 1(a) , inset. The Al 81 Ce 10 Ni 9 ribbons are amorphous for the cooling rateṪ C1 but in the case of the cooling rateṪ C2 the material melting 1200
• C shows crystalline parts in the as-quenched state; see figure 1(b), inset. The peaks can be correlated with an orthorhombic structure of Al 4 Ce [16] .
The calculation of the structure factor (S(Q)) after Faber and Ziman [17] shows for the complete amorphous alloys Al 84 Ce 6 Ni 10 a main peak at about Q = 26 nm −1 and a weak but wide pre-peak ( figure 1(a) ). For the different cooling rates the main peak is shifted between 25.9 and 25.4 nm −1 . In the full amorphous Al 81 Ce 10 Ni 9 materials (figure 1(b)) the main peak is located at 25.5 nm −1 with small variations depending on the different production conditions. The pre-peak at 13.1 nm −1 is more intensive for the ribbons produced at the cooling rateṪ C1 . It appears as a double peak with a maximum at 13.2 nm −1 and at 15.3 nm −1 . The Q-value for the main peak conforms to the nearest distance of the Al-atoms with small influence of the Ce or Ni atoms.
The prepeak is a hint at the incomplete mixing during the melting, as it is very improbable that the agglomeration takes place during the cooling. This is the small diffusion ability of the Ce and Ni atoms. In the BSE picture of the ESEM of Al 81 Ce 10 Ni 9 (Ṫ C1 , T m3 = 1300
• C) in the amorphous as-quenched state concentration points of Ce (bright points) are found ( figure 1(c) ). The measured concentration of Ce in this area is clearly larger (L-x-ray: >10 at.%) than the mean concentration (L-x-ray: 9.8 at.%) of the alloy. But the diffuse diffraction scattering of a TEM picture of the as-quenched state shows it to be fully amorphous ( figure 1(d) ). Such concentration points of Ce in Al 84 Ce 6 Ni 10 materials are not found in the BSE picture of the ESEM ( figure 1(e) ).
In spite of the different results of the as-quenched state structure, no differences during the melting process (flow process, melting residue) have been observed. 
Thermal heat treatment at constant heating rates
The ribbons are investigated with different thermal treatments (continuous heating between 2 and 25 K min −1 as well as isothermal heating). figure 2(a) . There are small differences in the amount of heat flow for the first crystallization peak. The temperature of the first peak does not vary for different production conditions. The second crystalline process shows a two-peak structure. There exist small differences in the heat flow and the position of the temperature minima for the different production conditions. The melt temperature of T m1 = 1100
Calorimetric measurements on Al
• C and the dwelltime of the melt were obviously not enough to obtain sufficient decomposition of the solid components of the ingots and sufficient mixing of the melt. The melt temperature of the Al 4 Ce phase in the equilibrium is given by [18] with 1236
• C. All Al 84 Ce 6 Ni 10 materials show a small region of SL (endothermal effect) followed by a strong exothermal peak. The form and the intensity of this peak hint at a eutectic crystallization at temperatures smaller than 280
• C. The first crystalline structure is stable only up to about 340
• C and decays in two directly batched processes. In figure 2 (b) the DSC heating curves are shown for Al 81 Ce 10 Ni 9 materials. The Al 81 Ce 10 Ni 9 materials show differences in the heat flow and the onset temperature depending on the melt temperature T m2 , T m3 or T m4 and the cooling rateṪ C1 orṪ C2 . The higher Ce concentration reacts more sensitively to the formation of the amorphous structure and the adjacent crystallization. A reason could be that this concentration is located at the head of the existence of the amorphous state under this production condition. The transformation takes place without a visible transition to the SL (glass transition). No endothermal heating process was observed in the DSC curves from the beginning of the heating. We were unable to determine the reason for this decrease, but we can assume that already existing nuclei as well as crystals contributed to the advance of the crystallization. For the ribbons with the highest melting temperature relaxation is scarcely observed and the crystallization (an intensive exothermal heat flow) is observable first. The crystallization process begins with small heat transformation. The main effect is a strong exothermal effect at about 350
• C, followed by another exothermal peak. The shift of the first peak depends on the production conditions and is smaller than 10
• . However, the last peak shows a stronger dependence on the melting and cooling conditions. DSC studies are performed at heating rates of 1, 2, 5 and 20 K min −1 for the material Al 84 Ce 6 Ni 10 (1400
. A succession of exo-and endothermal effects are observed. It is generally accepted that the calorimetrically measured heat flow rate (d Q/dt (W/g)) is proportional to the change of the transformed volume fraction (α). In the case of constant heating rate experiments, the rate of transformation is given by
(Ṫ , heating rate; Q, the heating obtained after total transformation). Using the definition of the specific heat capacity at constant pressure the difference (first minus second run) c p can be calculated for constant heating rates:
The specific heat (C (J/g)) was determined by integration of the measured heat flow rate curves across the corresponding peak:
The c p -convention was chosen to compare measurements at different heating rates. In figure 3 (a) the change of the specific heat capacity difference ( c p ) is shown in the temperature interval between 200 and 400 • C for 2 and 20 K min −1 . A slight exothermal effect due to relaxation above 120
• C is only visible at a rate of 20 K min −1 . The endothermal glass transition is closely followed by a eutectic-like crystallization process amounting to a specific heat of −(76 ± 2) J g −1 ; the corresponding temperatures are ϑ GT = 268 • C and ϑ x = 286 • C when heating at 20 K min −1 . At even higher temperatures, two further overlapping transitions are recorded that amount to a specific heat of −46 J g −1 at 20 K min −1 . The amorphous states of AlCe 10 Ni 9 are more stable, and only at temperatures above 350
• C do they transform into the crystalline state without the existence of an SL. In figure 3 (b) the DSC curves of 5 and 20 K min −1 are compared for the materials produced at 1400
• C/44 m s −1 . The intensive exothermal reaction is like a eutectic crystallization for both heating rates. A TEM image [19] of this state shows a eutectic-like structure. Of special interest is the beginning of the transformation. The crystallization begins with another process, clearly seen at 5 K min −1 . This behaviour has been observed for materials forming NC of fcc-α-Al [1, 20] . But in contrast to other amorphous materials here the crystallization begins at fairly high temperatures. The crystallization of the rest of the amorphous matrix follows immediately. At about 370
• C another exothermal transformation appears. From the DSC results is not clear why the decomposition in both materials takes place in such different manners. • C grows out of the superposition of the structure relaxation (decreasing) and the temperature effect (increasing). Applying the Matthies rule [21] and assuming a linear temperature growth we conclude that the decrease of the ER at the beginning of the experiment is an indicator to relaxation process in this material yield that the decrease of the ER at the beginning of the heating the chain of relaxation. The remarkable deviation from linearity begins at about 271
ER measurements on Al
• C. The ER increases rather erratically before it steeply decreases. The DSC curve here shows the endothermal heat development. We interpret this as the SL transition. There are two effects that contribute to a change in the ER during the glass transition. First, the disorder increases the ER, and second, the increase of the viscosity changes the volume and allows the material to flow more easily under the weight force. The last effect was observed in several experiments when the length The glass temperature (T g ) determined from the strong increase of the ER measurement and the tangent method of the DSC curves are in good agreement. The decrease of the ER begins at about 279
• C in the same abrupt manner. This event marks the beginning of the crystallization. The change of the ER for the first crystallization process is very sharp. This is typical for eutectic solidification. However, the drop of the ER is small compared to the whole ER change during the heating up to 600
• C. The cooling curves show an interesting behaviour-for heating up to 276
• C (SL), they show a negative temperature coefficient ( figure 5(a) ). The increase of the ER at the beginning of the cooling is the residual effect of the SL. The weakened increase that follows could be a reversible part of the relaxation. With the beginning of the crystallization the ER decreases linearly during the cooling because of the positive temperature coefficient (TCR) for the crystalline structure of the Al-Ce-Ni phases that are formed (
The heat flow of the DSC experiments is more sensitive to the phase transformation. The ER on the other hand is more sensitive to the atom rearrangements in the materials. Therefore, our result indicates that during the beginning of the crystallization the atoms do not change their position when the temperature is increased; the formation of stable phases takes place. This coincides with rearrangements of the atoms into the new stable grain structure.
The constant heating curves of the ER measurement of the Al 81 Ce 10 Ni 9 materials for different ribbons are shown in figures 6(a)-(d). The ER changes quickly in a relative narrow temperature interval (300-400
• C). The different transitions are not clearly separated. Although different transformations take place these are not easily distinguishable compared to the DSC curves. A good repeatability is found for the peak temperatures but not in relation to the magnitude of the ER in the different parts of the transformation. These results are consistent if inequalities are formed in the ribbons during the cooling. Therefore, the measurements were repeated several times. The best repeatability was obtained for the material produced with 44 m s −1 /1300 • C. In figure 6 (e) the run of ER of this material together with the TCR curves of 1 and 10 K min −1 heating are shown. Diffraction as well as TEM investigations were performed for that material to obtain a better understanding of the crystallization process. The diffuse diffraction pattern of the as-quenched state of different production conditions is shown in figures 1(a) and (b). The influence of the melting temperature (T m ) is larger than the cooling rate (Ṫ C ). As a result of the relaxation the structure factor S(Q) changes during the isothermal ageing; see figure 7(a) for Al 84 Ce 6 Ni 10 and figure 7(b) for Al 81 Ce 10 Ni 9 materials. For Al 84 Ce 6 Ni 10 the intensity of S(Q) decreases with the higher ageing temperatures, although in the XRD curves after heating up to 276
XRD measurements on Al
• C ( figure 8(a) ) and isothermal ageing of 260
• C/3 min ( figure 8(b) ) no clear signs of crystallization were found. The decrease of the intensity can be interpreted as a decrease of the amorphous portion due to the formation of smaller ordered structures. The main peaks are shifted slightly to a value Q = 26.5 nm First evidence for crystallization in the XRD diagrams after constant heating (5 K min −1 ) is visible in Al 84 Ce 6 Ni 10 materials at 282
• C ( figure 8(a) ). The weak development of different crystalline structures indicates from the beginning very fine disperse crystalline structure as known from the eutectic crystallization. A correlation with a known ternary or binary phase was not found [22] . This phase exists at 300
• C as well. Only at temperatures above 450
• C is the final stable phase structure observed. The diffraction pattern after heating up to 600
• C is included in figure 8(a) . This is the final structure and the relatively sharp peaks at 650
• C imply a growth of the grain structure.
The structure development after isothermal ageing at 260
• C ( figure 8(b) ) is visible at the beginning of the relaxation (260
• C/3 min). At 260
• C/30 min the first crystalline structure is formed. At 260
• C/5 h the crystalline structure has changed into an Al 4 Ce phase and at 260
• C/50 h an additional Al 3 Ni phase could be identified [16, 23] . In the Al 81 Ce 10 Ni 9 materials ( figure 7(b) ) the pre-peak shifts slightly after ageing to higher Q-values compared with the as-quenched state from 13.1 to 14.4 nm −1 . This is a hint at rearrangements of the Ce atoms. The structure development of the Al 81 Ce 10 Ni 9 material at a constant heating rate (5 K min −1 ) is shown in figure 9 (a) (up to 550 • C). Figure 9 (b) shows the structure development during the isothermal heating at 320
• C/15 min and 50 min. Compared to the Al 84 Ce 6 Ni 10 material, no regions of SL are found. After a strong relaxation in the amorphous matrix NC fcc-α-Al begins to form, similar to other materials [24] . The residual amorphous matrix crystallizes in a tetragonal Al 4 Ce(Ni) phase with an unidentified structure. The Al 3 Ni phase is eliminated later from this phase and in the final state the (fcc)α-Al, the tetragonal Al 4 Ce and the orthorhombic Al 3 Ni phase are present just as in the Al 84 Ce 6 Ni 10 material. 
Electron microscope investigation
The material Al 84 Ce 6 Ni 10 is investigated by electron scanning microscopy. In the as-quenched state (figure 1(e)) a regular element distribution measured by Al (K-x-rays), 84.3 at.%, Ce (Lx-rays), 6.1 at.%, Ni (K-x-rays), 9.6 at.% without visible concentration fluctuations is visible. The picture indicates a regular amorphous structure in this size interval. Figures 10(a) and (b) show the beginning of the formation of the crystalline structure after heating up to 282
• C and isothermal ageing at 260
• C/30 min. Small fine precipitations form in the amorphous matrix at the beginning and a eutectic structure exists after 20 h. After 500
• C/1 h ( figure 10(c) ), 6 h, and at 600
• C/1 h (figure 10(d)) a fine disperse structure is visible in BSE pictures of the ESEM. An EDX scan of the different regions ( figure 10(d) ) confirms the existence of the three different phases. The Ce concentration at measurement point 'mp1' is clearly higher (>9%) than at 'mp2' and 'mp3'. The concentration of Ni at 'mp1' was determined as <8 at%. At 'mp2' the concentration of Ni is clearly higher (>14 at%) than the mean concentration of Ni in the ingot. At 'mp3' the concentrations of Ni (<8 at.%) and Ce (<2.4 at.%) are clearly smaller than the mean concentration in the material.
The Ce rich regions (Al 4 Ce phase) are not directly adjacent to the α-Al region. The Al 3 Ni phase appears as a reticular structure. Internally the Al phase and the Al 4 Ce phase are separated. One possible reason could be a temporally different decay of the ternary eutectic. In Al 81 Ce 10 Ni 9 materials the crystallization begins with very small precipitations. After 15 min held at 320
• C, the TEM images ( figure 11(a) ) show the existence of very small crystals (about 20 nm) in a residual amorphous matrix. The nanocrystals are identified as α(fcc)Al, whereas the bigger crystals correspond to Al 11 Ce 3 . After 50 min at 320
• C ( figure 11(b) ), the precipitates have increased in size and in addition the phases Al 3 Ni and Al 3 Ce are shown in the diffractograms in figure 9(b) . The BSE scanning pictures of the AlCe 10 Ni 9 materials at 500
• C/1 h (figure 11(c)) and 6 h show not such strong interfaces between the different phases and the structure is more finely dispersed in comparison to the AlCe 6 Ni 10 .
Isothermal heat treatment investigation
Isothermal calorimetric studies. Isothermal calorimetric studies of the AlCe 6 Ni 10 material between 200 and 325
• C were limited to the first two hours of annealing. At 200 and 230
• C, only exothermal effects due to relaxation are recorded, which last for about 30 min. At 260
• C (figure 12), crystallization sets in after about 25 min; the symmetrical heat effect indicates a eutectic-type reaction. Its specific heat value corresponds to −(75 ± 5) J g −1 . After prior annealing for 1 h at 200 or 230
• C, the curves at 260
• C start with endothermal effects attributable to a glass transition (broken and broken-dotted lines in figure 12) ; they now show up as the overlapping exothermal effects due to relaxation and are greatly diminished. Both effects are completed before crystallization starts; the kinetics and heat value of the latter process are not changed significantly with respect to non-annealed samples. Between 300
• C ( figure 12 ) and 325
• C, two overlapping effects amounting to −44 J g −1 at 300 • C accompany the transformation into the final stable phases.
Isothermal measurements of the AlCe 10 Ni 9 materials were performed between 320 and 370
• C. Figure 13 shows the corrected curves recorded at 340
• C (bold line), 350
• C (dashed line) and 370
• C (dotted line). At the latter temperature, the final crystalline state is attained. As nucleation and growth are important factors of the crystallization processes in amorphous materials, the JMAK model [25] can be used as a starting point for the determination of the kinetic parameters (n) and the activation energy (E A ) as well. But for most of the amorphous to crystalline transitions the classical JMAK equation does not exactly describe the experimental results. A first move was an enhancement of the JMAK equation by applying two kinetic parameters (n η and η) in a more general JMAK model (GM). An additional parameter is used in the GM, the impingement parameter (η) [26] . This way the difference of the transition rate of the classic JMAK can be realized. The smaller the impingement parameter η, the stronger the influence of the decrease of the ER at the beginning of the transition. The authors have critically and in detail discussed the different models of the determination of the kinetic parameter in early papers [27] [28] [29] .
ER isothermal investigation. With isothermal ER
Besides the kinetic parameters n η and η, we also fitted a characteristic time τ η depending on η and the incubation period (t inc ) in the GM. According to [27] the n η values can be expressed by n(α) (α is the volume fraction of the transformation) [26] :
In many cases the adoption of the GM is unfortunately not enough. Therefore the determination of a local kinetic parameter (n loc ) was introduced [28] :
This is the slope at each point of the Avrami plot of the JMAK model. τ is the characteristic time at α = 0.63. The first process in the ER curves is fitted with the n loc (α) approach (inset of figure 14(a) ). The modelling with help of the local kinetic parameter (n(α)) proved to be useful in the past, if the modelling of the ER curves with the JMAK or a more general JMAK model (GM) shows insufficient results. This is especially true for amorphous alloys.
To obtain information about the kinetics of the following crystallization process the samples are preaged differently (figures 14(a) and (b)). The curve for 1 h/250
• C preageing and isothermal ageing at 260
• C is included in figure 14 (a). In figure 14 (b) the curves for the isothermal ageing at 260
• C and 270
• C after two different continuous preheatings (1 and 10 K min −1 up to 270
• C), the influence of the preageing is demonstrated. In the case of the preheating at 1 K min −1 , the beginning of the first crystallization is reached during the heating. During the heating at 10 K min −1 the region of the SL is reached and the crystallization does not begin. After heating, the samples are kept at RT for 15 min before the transformation at the ageing temperature ϑ iso occurs within 10 s. Several examples for these thermal regimes are shown in figure 14(b) for the material at 44 m s −1 /1400 • C. In these curves the second process can be fitted with the GM. The fit curves are included.
In figure 15 (a), isothermal ER curves between 280 and 350 • C for Al 81 Ce 10 Ni 9 are shown. At 280
• C a long steady decrease of the ER takes place. At ϑ iso = 300 • C this process appears at the beginning as well, before the formation of NC of fcc-α-Al is dominant. At 320
• C ageing the formation of the NC-Al and the formation of a Al 4 Ce phase is the main process. At ageing temperatures 340
• C all three crystalline transformation processes are seen in the ER curves. The last process is visible as a long continuous decrease. For the fit of the kinetic parameters different models are tested; see section 4.
Discussion
The discussion will deal with structure development, the kinetic of the process and the determination of the activation energy.
• Influence of the production conditions on the as-quenched state. Although the results from the x-ray scattering are not very different for all ribbons the temperature of the melt and the cooling rate influence the atomic arrangement of the as quenched state. We define an amorphous as-quenched state as a 'frozen' image of the highly undercooled melt. The temperature range in which the undercooled melt exists, depends on both the melt temperature and the cooling rate. The cooling rate must be large enough that no significant crystalline parts are formed. There, from the beginning of the kinetic development of the ribbons, the crystal nucleation and the growth process, nuclei can develop during the melting (worst melt conditions) if the melt passes through the nucleation region in the TTT diagram [30] or if the concentration of atoms in the near order is large enough that a nucleus can be formed. This means that in TTT diagrams the nucleation and crystallization curves are different for AlCe 6 Ni 10 and AlCe 10 Ni 9 during the heating. The smaller cooling passes through the nucleation and parts of the crystallization. On one hand the probability for nucleation and crystallization decreases at smaller melting temperatures; on the other hand low melting temperatures degrade the dissolution of the material during the melting time. Optimal production conditions can be determined only experimentally.
Because of the high concentration of Al the diffuse scattering peak stands at 38.6
• , Q = 26.5 nm −1 . The elevated shoulder for AlCe 6 Ni 10 material confirms the change in near distance of the atoms, probably due to Al-Ni neighbour atoms. In contrast, the existence of the pre-peak in AlCe 10 Ni 9 is a hint at the decomposition in form of AlCe complexes or incomplete dissolution during the melting.
• The crystallization sequence. In the AlCe 6 Ni 10 materials the crystallization from the SL begins with the simultaneous formation of (fcc)-α-Al and a second phase (similar to the eutectic crystallization), probably of a ternary metastable phase. During the SL the mobility of the atoms increases and a reordering begins. Different ternary phases are described in the literature [22, 31] . Based on the concentration of the material the most likely is the Al 7 CeNi 2 phase, crystallized in a ternary eutectic. Unfortunately, no information on the structure of this phase is published. A hexagonal AlCeNi phase [32] and a orthorhombic Al 4 NiY [33] have been observed. Phases of this structure could be forming during the crystallization, but the position and intensity of the diffraction pattern of our results are not consistent with this structure. The ternary phase is not thermally stable. It changes in two different phases: an early Al 4 Ce phase is followed by an orthorhombic Al 3 Ni phase. In our opinion, the Al 4 Ce phase has no orthorhombic structure as published in [16] but a tetragonal structure with lattice parameters a = 0.43 nm, c = 1.02 nm, space group139, Al 4 Ba-Typ, I 4/mmm [34] . The calculated diffraction patterns of Al 4 Ce (tetragonal), Al (fcc) and Al 3 Ni (orthorhombic) are included in the diffraction figures (figures 8(a) and (b) and 9(a) and (b)).
Heating the melt-spun alloy at 5 K min −1 up to 570
• C assures complete crystallization. The presence of the fcc-α(Al), tetragonal-Al 4 Ce and orthorhombic-Al 3 Ni phases is confirmed by XRD, in agreement with the precipitates observed at the Al-rich corner of the ternary equilibrium phase diagram [31] . Looking at the binary phase diagram of AlCe [18, 35] the eutectic point is at 4 at.% Ce. During the rapid quenching due to the high cooling rate the materials are quenched in an extremely non-equilibrium state. At adequate melting time the melt can decompose up to a destined degree whereby concentration fluctuations form. This fluctuation concentration influences different composition in extremely small regions of the materials depending on the melting temperature. This gives the impression of eutectic crystallization. As the AlNi system is similar [18, 35] , the concentration of 10 at.% Ni stabilizes this process.
Due to the non-existence of the SL the crystallization in Al 81 Ce 10 Ni 9 begins with the formation of NC fcc α-Al. The Al atoms start to form NC around nuclei in the amorphous matrix because of the larger mobility at the higher temperatures.
At the latter temperature, the final crystalline state is attained. In comparison to the diffraction pattern of the tetragonal-Al 4 Ce phase, the intensity of the fcc-α-Al diffraction pattern is very small. This is an indication of very small and finely dispersed fcc-α-Al crystals formed in the amorphous matrix. They are increased slowly during the heating process.
• Kinetics of the transformation. If we interpret the XRD results correctly the decomposition kinetics should be described through large n values for the transformation. The modelling with the help of the JMAK model [25] was not very successful; therefore, the fit with the general model (GM, n η ) [26, 27] and the local kinetic parameter (n loc ) [28] is realized. The kinetic parameter (n = a + b · p) may be expressed as the sum of two contribution [36] . The first part a is related to the nucleation rate (0 for no nucleation, 1 in the case of constant nucleation rate and >1 for irregular nucleation rate), b to the dimensionality of the growth (1, 2, 3) and p the growth mechanism, which is either interface (1) or diffusion (0.5) controlled. In the classical JMAK description the kinetic parameter at n (α = 0.63) is determined. In the case of n η and n loc the beginning of the transformation, the nucleation rate, is more strongly weighted.
The calorimetric isothermal investigation of Al 84 Ce 6 Ni 10 ribbons, figure 12 (at 260
• C under different preageing and 300
• C), is more sensitive with regards to the phase transformation. The best fit results are n = 2.5, a hint at the eutectic crystallization of Al 84 Ce 6 Ni 10 .
In the ER experiments the isothermal ageing curves are more complex. At the beginning a slight relaxation is dominant (ϑ = 220-240
• C). At higher temperatures ϑ 240
• C all transformation processes appear ( figure 14(a) ). The first process that is visible in the ER curves cannot be fitted with the GM. The fit of the local kinetic parameter n loc (α) of the first transformation ( figure 14(a) inset) yields a better fit to the experimental results. This is due to the fact that the kinetic parameters start with very high values n > 3 and drop to n ≈ 1 at the end. The large n loc values at the beginning are indicators for a large nucleation rate during the SL. Similar results were found for other materials with SL regions too [29] .
The second process is fitted on the preaged materials ( figure 14(b) ) with the GM. Any fitting curves (GM) are included in the figure. The n η -values vary between 0.8 and 1.5. The larger values are found for the samples with the smaller crystalline parts in the preaged state. The forming of the stable final phases can be interpreted as a growth in the long range by diffusion.
The non-existence of the SL in AlCe 10 Ni 9 increases the mobility of the Al atoms during the heating so that in small regions NC Al crystals begin to form in the residual amorphous matrix, which has as a consequence that in the residual amorphous matrix the Ce and Ni contents increase relatively. The crystallization of the residual amorphous matrix is difficult to understand. In the DSC scan only one exothermal transformation is visible after the strong crystallization peak ( figure 2(b) ). In our opinion no ternary phase forms, but instead a supersaturated eutectic of two phases, Al 4 Ce and Al 3 Ni. The Al 3 Ni is so finely dispersed that it cannot be identified in the x-ray diffraction pictures at the beginning. It can only be identified during its growth at higher temperatures. The last exothermal peak describes the transformation of the metastable Al 4 Ce phase in the tetragonal structure, similar to the Al 84 Ce 6 Ni 10 material.
The isothermal ER curves show a strong relaxation only at temperatures ϑ 270 • C. At ϑ = 280 and 300
• C ( figure 15(a) ) a long slow decrease of the ER is observed and crystallization begins above t > 10 5 s. A GM fit of this decay gives an n η -value of about one with very large η-values. This result indicates a strong relaxation process with the result of a decomposition of the amorphous matrix. The following crystallization (ϑ iso = 320
• C), the formation of the fcc-α-Al, yields n η -values of about 2 with the GM, typical for primary crystallization. The formation of the Al 4 Ce phase cannot be isolated in this curve. All three processes are visible at ϑ iso 340 • C. These curves are fitted in the following way. The first and second part is fitted separately with the GM. The beginning and the end of these two parts were determined from the derived ER (d R/dt) curves with the tangent method ( figure 15(b) ), while we apply lines to the inflection points of the derived ER curves. The intersection points of two adjacent lines are the initial point ((1) for the GM1 and (3) for GM2) and the end point ((2) for GM1 and (4) for GM2) of the fit interval. The fit of the first range (GM1), the formation of the fcc-α-Al, gives n η -values between 3 and 3.5. The second range (GM2) yields n η -values of about 2.5. The different kinetic parameters for the same process at different temperatures can be explained for the different state at the beginning of the crystallization. If the materials have enough time for relaxation (ϑ iso 300
• C) they can form nuclei that can grow to the critical size for crystallization. From the crystalline structure the growth is visible. In the case of larger temperatures (ϑ iso 340 • C) nucleation and growth occur together, so that from the beginning larger kinetic parameters are present. The transformation starts with a large value for the first process n η = 3-3.5. This corresponds to long range diffusion in the residual amorphous matrix. For the following process a kinetic parameter of n η = 2.3 is fitted. This result is only understandable if it is accepted that there is not enough time for nucleation during the transformation from RT to ϑ iso .
To test this result the isothermal ageing is measured after different preageings. Materials are preaged with 1 or 10 K min −1 up to 270
• C (figure 6(e)) hold at RT 15 min and then isothermally aged at 280
• C up to 340 • C. Isothermal ageing curves together with the fit curves of the GM are included in figure 15(a) . The kinetic parameter changes from n η = 2.4 (preageing 1 K min −1 , ϑ iso = 280 • C, curve pre3) to n η ≈ 2 (preageing 1 K min −1 , ϑ iso = 300
• C, curve pre2) up to n η ≈ 1.5 for the first and the second crystalline process at preageing 1 K min −1 and isothermal ageing at 320
• C (curve pre1). During the preageing nucleation takes place in different ways, depending on the heating rate. The crystallization continues more or less intensively during the isothermal ageing. These results affect the determination of the activation energy.
• The activation energy. The mean activation energy E can be determined in two ways, the Kissinger method [37] and the Arrhenius equation (31) . The Kissinger method applies for experiments with constant heating rates T H = dT /dt:
In DSC experiments T α is the temperature in the heat flow extremum. The Arrhenius equation starts from isothermal measurements:
The application of the JMAK model yields the condition that K T = τ −1 . This corresponds to the ageing time at α(τ ) = 1−e −1 = 0.63. The slope in a plot of ln(
iso ) is proportional to the activation energy. Modelling with the JMAK equation, that means n(α) = const, is often not possible. Therefore, we have to be cautious when using equations (4) The activation energy determined from the isothermal ER curves in the temperature interval of 230-260
• C of the first transition is fitted with E A = (2.9 ± 0.1) eV. The authors in [38, 39] differ between the activation energy for nucleation, for growth of the particles and the total process. The high values of the calorimetric measurements (constant heating and isothermal ageing at quite large temperatures) give the activation energy of the total process. At lower temperatures in the case of the ER measurements there is enough time for the formation of a nucleus that is followed by crystallization.
In the case of the Al 81 Ce 10 Ni 9 materials (1300 • C/44 m s −1 ) the measurement points for the analysis with the Kissinger method show deviations from the linearity. Such a deviation is very rare in DSC investigation. The authors in [40] have published results about deviations from linearity of the Kissinger method too.
A linear fit with the values of all heating rates from1 up to 20 K min −1 appears therefore not sensible. The fitting with the values of the small heating rates (1, 2, 5 K min −1 ) with a good linearity only gives (3.2±0.2) eV. Looking at the DSC curves, the formation of the NC is more visible for smaller heating rate. This has an effect on the activation of the crystallization of the residual amorphous matrix. The fit of the isothermal ageing curves in the temperature interval from 330
• C up to 360
• C gives (3.3 ± 0.1) eV for the first peak. The second peak in the DSC curve drifts further from linearity. For small heating rates the activation energy is (1.85 ± 0.05) eV, for large heating rates 3.8 eV, depending on the interval. The calorimetric isothermal measurement fitting with the Arrhenius equation in the temperature interval (340-370
• C) gives different activation energies too. The activation energy is fitted to (3.5 ± 0.1) eV in the interval 340-350
• C. The value is in good coincidence with the value for the small heating rates. For the interval 350-370
• C the activation energy is fitted to E A = (4.5 ± 0.2) eV. This means that the larger the isothermal temperature, the bigger the activation energy. For larger heating rates and larger ageing temperatures nucleation and growth are superposed.
From ER measurement the fit of the activation energy is done for the forming of the NC fcc-α-Al in the temperature interval from 280 to 330
• C with E A = (4.1 ± 0.3) eV. The activation energy of the second transition (the formation of the Al 4 Ce phase in the ER curves of the preaged materials (1 K min −1 /280 • C)) is (2.4 ± 0.1) eV. The activation energy for the transition from the amorphous to the first crystalline structure expresses the stability of the amorphous state. Large activation energies have been determined for other ternary Al-rich amorphous materials (an overview for AlLnT is given in [41] ). An additional comparison yields that the activation energy correlates with the crystallization temperature. The essential higher crystallization temperatures for the Al-Ce-Ni amorphous alloys investigated in this work and the relatively large values of the activation energies for the amorphous to the crystalline transition are an expression of this large stability of the amorphous structure of Al-Ce-Ni materials.
Conclusion
Al 84 Ce 6 Ni 10 and Al 81 Ce 10 Ni 9 amorphous materials produced at different melting and cooling conditions adapt to the known concept of the Al-Ce-Ni alloys. It was confirmed that the material Al 84 Ce 6 Ni 10 transforms from the amorphous state by SL, while the Al 81 Ce 10 Ni 9 material forms NC fcc-α-Al. Detailed investigation of the sequence for both materials yields that the crystallization is different from published results. From a ternary eutectic in the case of Al 84 Ce 6 Ni 10 a tetragonal Al 4 Ce forms and not an orthorhombic phase. It is confirmed that the large concentration of Ni stabilizes the amorphous state. The larger concentration of Ce shifts the crystallization temperature in the Al 81 Ce 10 Ni 9 material to higher values. It also influences the stability of the production of the amorphous materials. Insufficient cooling rates and melting temperatures increase crystalline parts in the as-quenched state.
The materials show that the dynamic of the crystallization process strongly depends on the amorphous state, the expansion of the relaxation or the SL. Preageing influences the stability of the amorphous state and the crystallization process more strongly than the melting and quenching conditions of the liquid. This influence can be gained in the run of the kinetic parameter and the activation energy for the different transformation. The Al 81 Ce 10 Ni 9 reacts more sensitively on the parameter than the Al 84 Ce 6 Ni 10 material.
